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CHAPTER 2 
CHARACTERIZATION METHODOLOGIES OF 
TRIBOLOGICAL COATINGS 
2.1 INTRODUCTION 
In this chapter the experimental methodologies employed to deposit, analyze and test the 
coatings are explained. Firstly, a description of the techniques and the equipments 
employed to deposit DLC-based nanocomposite coatings is given. Subsequently, the 
existing literature about DLC coatings is briefly reviewed. While the use of electron 
microscopy techniques in the thesis is extensive, only a description of the electron energy 
loss spectroscopy (EELS) technique in transmission electron microscopy (TEM) will be 
given. For a description of the imaging and diffraction operational modes of scanning 
electron microscope (SEM) and TEM, the reader is referred to the previous PhD theses  
from our group and the extensive body of literature in this field. The grazing angle X-ray 
diffraction technique is described as it represents a versatile tool to probe the grain size of 
nanocrstallites in the nanocomposite coatings. The measurement of residual stresses in the 
coatings is briefly described. Finally, the pin-on-disk tribotest with which the tribological 
performance of the coatings is evaluated is described.  
2.2 PVD DEPOSITION EQUIPMENT 
Physical vapor deposition (PVD) processes are those known as evaporation, sputtering and 
ion-plating. All these processes can be carried out in a reactive atmosphere to realize a 
plasma-enhanced (PE) chemical vapor deposition (CVD) process in combination with the 
basic PVD process. In our research the basic deposition process employed is magnetron 
sputtering, carried out both in an inert and reactive atmosphere. In the latter case the 
technique can be named magnetron-enhanced PE-CVD. 
The working principle of magnetron sputtering relies on the formation of a 
glow-discharge between a cathode (the sputtering targets and the substrate holder) and an 
anode (the chamber walls). A plasma is present inside the vacuum chamber that acts as a 
conductor, as it contains neutral atoms but also ionized atoms and electrons in equal 
concentration. It should be stressed that the plasma possesses charge neutrality. No electric 
field may develop within the body of the plasma, but because of the different mobility of 
ions and electrons, charged areas known as “plasma sheaths” form around the discharging 
electrodes. These areas of millimeters thickness are formally charged, so that an electric 
field may develop through which ions are accelerated towards bodies such as the sputtering 
targets and the substrates. 
A variety of power supplies can be used to power glow-discharges employed for 
coating deposition, the most common ones being direct current (DC), radio frequency (RF) 
and pulsed direct current (pulsed DC) power supplies. In RF discharge the ionization is 
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maintained by electron impact ionization of neutral atoms, as an electron cloud oscillates 
within the plasma body at the RF frequency of 13.56 MHz. In DC discharge the electrons 
are effectively removed through the plasma sheath that develops at the anode (the chamber 
walls), resulting in lower plasma densities (concentration of free electrons within the 
neutral plasma body) with respect to RF discharges. For this reason, RF discharges can be 
operated at lower sputtering gas pressures. In ordinary diode glow discharges this can result 
in an increase of deposition rate, as the lower operating pressure results in a more efficient 
transport of sputtered particles within the working gas, as will be also shown in chapter 3. 
Nevertheless, when magnetrons are employed to increase the ionization efficiency of the 
electrons, the use of DC power is favored. By placing magnets behind the sputtering 
targets, a magnetic field of strength of about 55 mT is created over their surface. Electrons 
are ejected from the target surface and travel along helical paths around the magnetic field  
lines, which increases the path they travel before reaching the chamber walls, and increases 
the probability of ionizing collisions with neutral working gas atoms. The magnetic field 
also confines the electrons, so that sputtering can be achieved at high rates with a dense 
plasma.This results in enhanced ion currents to the target that increases considerably the 
attainable deposition rates. A further difference between DC and RF power is that DC 
power cannot be employed to sputter non-conductive target materials. RF power, on the 
other hand, is able to sputter any material, since in RF discharges a DC “self-bias” is able 
to develop also around insulating targets. Unfortunately, the ratio of DC self-bias values 














1   (2.1) 
 
where V indicates the value of DC self bias, A is the area of the electrode and the factor m 
has a value that is usually between 2 and 4. Because of the dependence of V on A described 
by Eq. 2.1, depositions with a varying load of substrates and up-scaling for real industrial 
production are complex problems. Furthermore, RF power supplies are more expensive 
than DC power supplies and they require a matching network to deliver power efficiently to 
the glow discharge. The problem of sputtering poorly conductive targets may be partially 
solved employing pulsed-DC power supplies, where charge accumulation over the target 
surface is removed through a periodic inversion of the applied current. Pulsed-DC power 
supplies that operate up to 350 kHz are commercially available that allow stable processing 
of reactive materials that form insulating compounds when sputtered in a reactive 
atmosphere. 
The plasma ionization of DC magnetron discharges may be increased by 
employing a closed-field unbalanced configuration of the magnetrons (CFUBM).2 This 
patented technology relies on the formation of a magnetic trap that does not allow the 
electrons to escape the plasma region towards the chamber walls, increasing the overall 
ionization of the discharge, as depicted in Fig. 2.1. Furthermore, the approach increases the 
magnetic field intensity, and therefore the plasma ionization, in proximity of the substrates. 
In this way the extent of substrate ion bombardment and the reactivity of reactive gases are 
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Figure 2.1 Schematic views of a vacuum chamber with four magnetrons in (a) balanced configuration 
(b) unbalanced configuration, the size of the magnets is an indication of their strength (c) closed-field 
unbalanced configuration, the polarity of the magnets facing the vacuum chamber is alternated 
among neighboring magnetrons.  
Figure 2.2 The Hauzer Flexicoat 1200 deposition system. 
enhanced, resulting in more compact film structures and increased deposition rates for 
reactive processes. 
Several deposition equipments have been used to deposit the coatings for study: a 
laboratory-scale Edwards 306A deposition system, a laboratory scale Teer UDP-400 
deposition system and industrial-scale Hauzer deposition systems (HTC-1000 and Hauzer 
Flexicoat 1200, see Fig. 2.2). 
The Edwards 306A sputtering system consists of two circular magnetrons at the bottom of 
the circular chamber, while a rotating substrate holder is located on top of the chamber, at a 
a b c 
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distance of 60 mm, resulting in a bottom-up sputtering configuration. The vacuum chamber 
is equipped with a turbomolecular pump with a liquid N2 cold trap and Pirani and Penning 
gages for vacuum level measurement. In a Pirani gauge two filaments act as two arms of a 
Wheatstone bridge. One filament acts as a reference and is immersed in a fixed-gas 
pressure, while the other is exposed to the vacuum in the chamber. The temperature of the 
two filaments is kept constant by adjusting the power delivered to the filaments. The power 
fed to the measuring filament is related to the pressure in the chamber, because it is 
inversely proportional to the amount of gas molecules hitting the filament and absorbing 
thermal energy from it. A Penning ionization gauge is used to measure pressures down the 
10-8 mbar. The Penning gauge is a cold cathode gauge where a low power glow-discharge 
is established between two electrodes. The discharge high-energy electrons ionize the 
residual gas and the collected ionic current is an indication of the pressure in the chamber. 
This family of vacuum gauges is seriously affected by the composition of the gas in the 
chamber. Therefore appropriate correction factors need to be implemented during the gauge 
calibration for a correct measurement of the absolute pressure during reactive sputtering . 
In the Edwards 306A rig, three RF power supplies are connected to each magnetron and to 
the substrate holder fixture, respectively. Due to the high ionization generated by the RF-
powered discharge, the equipment typically provides ion currents to the substrates in the 
0.5-1 mA/cm2 range.  
The Teer UDP-400 is a sputter ion plating system designed specifically for the deposition 
of hard coatings (TiN, CrN, ZrN, TiAlN, TiCN, TiC), see Fig. 2.3. The machine is also 
capable of depositing oxides (Al2O3, TiO2) and low friction coatings (MoS2, DLC).  
The vacuum chamber is a stainless steel cylinder that is double-walled to allow 
water cooling. Its internal diameter and height are 400 mm. Four magnetron cathodes are 
located inside the chamber, facing each other in the geometry shown in Fig. 2.4. 
   
Figure 2.3 (a) Teer UDP-400 deposition system (b) view of the inside of the vacuum chamber, the 
magnetrons and the sample holder are visible. 
a b 
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The circular sample holder rotates about the central axis of the chamber. A rotary pump 
acts as backing pump and a dry turbomolecular pump is the active pump that enables the 
system to reach base pressures in the lower 10-6 mbar range. The vacuum is monitored by 
three different vacuum gauges: Pirani, Penning and Baratron. The Baratron (capacitance 
manometer) is the only vacuum gauge employed that is able to provide real, gas-
independent pressure measurements. Its functioning mechanism is based on the 
measurement of the deflection of a thin metal diaphragm that constitutes one plate of a 
capacitor that is immersed in gas of known pressure.  
The magnetrons have a closed-field unbalanced configuration (see Fig. 2.2) that 
enhances the magnetic flux density in the chamber and provides an electron trap that is able 
to further enhance the attainable plasma ionization. A 2D finite element modeling (FEM) 
simulation was performed to investigate how different configurations of the magnetrons 
affect the magnetic fields for the geometry of the Teer-UDP400 chamber. In Fig. 2.5a the 
magnetic flux density and the normalized magnetic field vectors characteristic of a standard 
balanced magnetron configuration are shown. It can be seen in Fig. 2.5b that by employing 
stronger outer magnets in all four magnetrons the magnetic flux density is enhanced 
towards the substrate holder in the middle of the chamber, but it can be seen in the 
magnetic field vector plot that four electron escape routes are provided towards the four 
corners of the chamber. In Fig. 2.5c the results of the simulation for the closed field 
unbalanced magnetron configuration are shown. It can be seen that even higher magnetic 
flux densities are reached within the substrate holder area, and that the magnetic field lines 
trap effectively the electrons within the chamber. The magnetrons are powered by two 
Advanced Energy Pinnacle Plus power supplies that can be pulsed up to 350 kHz (mid-
frequency range). An additional pulsed-DC power supply is connected to the substrate 
holder fixture. 
   
Figure 2.4 (a) Drawing of the Teer-UDP400 deposition machine. The four magnetrons and the sample 
holder in the middle of the chamber are visible. (b) top-view of the chamber geometry, the chamber 
side length is 400 mm. The four magnetrons, the sample holder and the mesh used for the FEM 
calculation in Fig. 2.5 are visible. 
a b 
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Figure 2.5 Magnetic flux density (left) and arrow plot of normalized magnetic field (right) for (a) 
standard balanced magnetron configuration. (b) unbalanced magnetrons configuration. (c) closed-
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The Hauzer HTC-1000 deposition rig is an industrial-scale machine whose internal 
diameter is 1000 mm. Its geometry is similar to the one of the Teer-UDP-400, in that it has 
four magnetrons and in the center of the chamber a carousel is present where the substrates 
are subjected to a planetary rotation. The detailed set-up of the coating system has been 
documented elsewhere.3 
2.3 DIAMOND-LIKE CARBON COATINGS  
Amorphous diamond-like-carbon (DLC) coatings consist of a mixture of sp3 and sp2 carbon 
structures, where sp2-bonded graphite-like clusters are embedded in an amorphous sp3-
bonded carbon matrix.4 They can be roughly divided in hydrogenated and hydrogen-free 
DLCs.5,6 In the case where hydrogen atoms are present in the random network as bound to 
C, they stabilize the sp3 hybridization, which is responsible for high hardness and rigidity 
of the network, and they decrease the connectivity between the sp3 hybridized C sites, 
which influences the film mechanical properties. Both hydrogenated and hydrogen-free 
DLCs can be metal doped (Me-DLC), possibly forming carbide particles (MeC-DLC). The 
addition of metallic elements such as Ti, W or non-metallic elements such as N and Si are 
observed to decrease the compressive stresses of the films, improving their adhesion to the 
substrate. In the case of carbide-forming elements a nanocomposite structure can be 
achieved which is the main focus of the present dissertation and will be analyzed in later 
chapters. DLC constitutes the matrix material of the nanocomposite coatings, therefore the 
structure of DLC material and the analytical techniques to characterize its structure will be 
now introduced. 
2.3.1 STRUCTURE OF DLC COATINGS  
The electronic configuration of a carbon atom (C) is 1s22s2p2 and  therefore it has 4 
electrons in its outer shell. Electronic bonds can be classified in σ and π bonds according to 
their symmetry. Hybridized orbitals can form by the combination of the wavefunctions of s 
and p orbitals. Hybridized orbitals have a pronounced directional character. The possible 
hybridizations of the C atom are described in Table 2.1. 
In DLC coatings the concentration of sp1 orbitals is expected to be very low, while 
the relative concentration of sp3 and sp2 hybridized carbons is an important factor that 
determines their final properties. A visual representation of the energy levels in ground-
state and sp2- or sp3-hybridized C is reported in Fig. 2.6. 
Table 2.1 Hybridized orbitals of C. Diamond is fully sp3 hybridized, whereas graphite is fully sp2 
hybridized. Organic molecules containing H or other elements can show all the different available 




hybridized orbitals axes 
Typically found in 
sp1 s+px = 2 sp1 180 Organic molecules 
sp2 s+px+py = 3 sp2 120 Graphite, Organic molecules 
sp3 s+px+py+pz = 4 sp3 109.5 Diamond, Organic molecules 
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Figure 2.6 Electronic configuration of ground-state and sp2- and sp3-hybridized C atoms. 
It should be pointed out that in amorphous carbon coatings, the angular relations between 
the bonds will be scarce due to the amorphous structure of the material, nevertheless 
correlations between sp3/sp2 ratio, the H-content and the film properties have been found 
for DLC coatings. From the mechanical point of view, the sp3 fraction and H content in the 
films are very important, whereas the sp2 C clustering has also influence on the electronic 
properties of the films. DLC films with an sp3 fraction higher than 70% are called 
tetragonally amorphous (ta-DLC); they have been synthesized in both hydrogenated and 
hydrogen-free form, and in the latter they could yield hardness and Young’s modulus 
values close to that of diamond. The presence of H in the material is expected to stabilize 
the sp3 hybridization of C atoms, and several researchers showed that the introduction of H 
within a certain concentration range increases the hardness of DLC coatings.7,8 
Nevertheless, other experimental investigations indicated that the hardness and stiffness of 
the amorphous network are determined solely by the concentration of unprotonated sp3 
hybridized C atoms,9 i.e. sp3 C atoms bonded to 4 other C atoms within the amorphous 
network. 
FORMATION OF SP3 C IN DLC FILMS 
The mechanism of the formation of sp3-hybridized C is modeled as “subplantation”, where 
energetic C atoms are able to penetrate the material and subsequently bond in a highly-
stressed tetrahedral (sp3) configuration.3 To penetrate the growing DLC network, the ions 
must overcome the C displacement energy, between 25 and 35 eV. This energy is 
considerably higher than the typical energy of evaporation deposition (0.3 eV) or sputtering 
(3-5 eV), but can be achieved via energetic deposition techniques such as pulsed laser 
deposition (PLD, atom energy up to 40 eV) or filtered cathodic vacuum arc (FCVA), in 
which the major portion of the upcoming C atoms is ionized, and a bias can be applied to 
the substrate to accelerate the C ions up to the desired energy. In the latter case, it has been 
determined that the final sp3 fraction can be as high as 90 % when the C ions energy is 
about 100 eV.3 When the majority of the upcoming ions are not ionized, as is the case of 
magnetron sputtering, it can be inferred that a certain degree of film bombardment by Ar 
ions, also accelerated by an applied substrate bias, would provoke the formation of sp3 C. 
The individual C atoms on top of the growing film would be knocked-down as a 
consequence of the energy transfer between incident Ar ions and C atoms. Indeed, it has 
been reported that large fractions of sp3 C are also obtainable via magnetron sputtering/ion 
plating (MS/IP).10 Nevertheless, analogous experiments presented in chapter 3 will show 
that in our case this indirect mechanism of sp3 C formation was not effective. 
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EELS CHARACTERIZATION OF DLC COATINGS  
Various methods exist to determine the sp3/sp2 ratio of DLC films: Raman spectroscopy, 
solid-state nuclear magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS) 
and electron energy loss spectroscopy (EELS) in the TEM. Raman is the most commonly 
employed technique but it does not probe the sp3 C concentration directly, but instead it 
analyzes the ordering of the sp2 C sites, which is related to the sp3 C concentration. NMR is 
the best technique but up to 200 mg of coating are necessary to carry out the measurement 
with an acceptable signal-to-noise ratio. The typical spectral resolution of the XPS 
technique is not sufficient to resolve the sp3 and sp2 contributions to the C, because of the 
homopolarity of the C-C bonds. Furthermore, ion milling (necessary to obtain information 
from below the first few monolayers) can alter the structure of the films. EELS represents 
the best technique currently available, provided  the films are deposited up to electron-
transparent thickness on dissolvable substrates (Si (HF) or KBr (H2O)), so that ion-milling 
is not necessary to achieve electron-transparency.3  For this reason, an accurate procedure to 
quantify the sp3-C content of DLC films was developed.  
The thickness (t) of the specimen under observation can be estimated with EELS 
spectroscopy in units of t/λ, where λ is the electron mean free path for plasmon excitation, 
which depends on the specimen composition and is usually between 100 and 400 nm.11 In 
the terminology of EELS analysis, all the contributions to the spectrum beside the zero-loss 
peak are termed plasmon losses. 
The total scattering cross-section of an atom σt is equal to the sum of the elastic 
and inelastic scattering cross sections. Considering a specimen of density ρ, thickness t that 
consist of atoms of atomic weight A, the total scattering cross-section of the specimen will 





0  (2.2) 
and the mean free path for a collision event will be: 
TQ
1
=λ  (2.3) 
The probability of a collision event will be given by: 
λ
tP =  (2.4) 
The typical features of the low-loss region of an EELS spectrum of a DLC specimen are 
shown in Fig. 2.7. In TEM-EELS terminology, the plasmon peaks include all the 
contributions to the low-loss spectrum that are not due to the zero-loss peak. Considering 
only plasmon excitation events occurring in a thin specimen (so that no multiple scattering 
occurs), the ratio of the intensity of the plasmon peak and the intensity of the zero loss peak 
will be equal to the plasmon excitation probability P. According to eq. 2.4, this ratio will 
equal the t/λ thickness parameter. 




















Figure 2.7 (a) Low-loss region of the EELS spectrum of a DLC sample. (b) The relative contribution 
of zero-loss and the plasmon peak can be distinguished in the spectrum. 
EELS can be applied to the study of sp3/sp2 ratio of DLC films by studying the low-loss 
region or the C K-edge. Nevertheless, several objections have been put forward against this 
approach.2 The C K-edge region instead is very interesting and its study can directly lead to 
the determination of the sp3/sp2 ratio in H-free DLC films.12,13,14 The same analysis carried 
out on hydrogenated DLC can be misleading as the C-H bond peak is present between the 
σ * and π* features of the C K-edge that hampers quantification. Nevertheless, certain 
methodologies have been developed to circumvent this problem.15 The interpretation of the 
measurements carried out to determine the sp3/sp2 ratio with EELS is based upon the 
molecular orbital (MO) theory. The description of the molecular orbital theory is beyond 
the scope of the present work, but an explanatory description of the model is given below 
as applied to the bonding configurations of C atoms. The bonding orbitals characteristic of 
sp2 and sp3 C have approximately the same energy, due to the homopolarity of the C-C 
bond, so that it is difficult to probe their relative population with currently available 
electron spectroscopy. Nevertheless, the energy level distribution of the anti-bonding 
orbitals varies significantly for sp3-hybridized C as compared to sp2-hybridized C. As a 
consequence of the collision with an upcoming electron, an electron is removed from its 
energy level and undergoes a transition to an empty higher-energy level, such as the anti-
bonding level of the C s and p orbitals. In the case of sp3 C all the antibonding energy levels 
will lie at the same energy, about 300 eV above the ground 1s level. In the case of sp2 
hybridized C also a p level will be available, to a lower energy, around 285 eV above the 
ground level. As a result of the transition, the upcoming electron will loose the energy 
necessary to promote the transition. The spectrum of distribution of electron energy loss 
events can be measured with the use of EELS in the TEM. By comparing the relative 
intensity of the peaks at 285 eV and 290 eV loss and comparing it with the intensities 
measured for a 100 % sp2 hybridized standard it is possible to compute the sp3/sp2 
hybridization ratio of the DLC film under analysis. 
A data analysis procedure was developed to reduce the experimental error 
characteristic of EELS measurements, mostly due to sample thickness variation, by 
analyzing a glassy carbon sample, which is known to exhibit 100 % sp2 hybridization, high 
purity and lack of long-range crystallinity. The collection of the EELS spectra was 
performed using a JEOL-2010F-TEM. The EELS spectra were acquired for all samples in 
a b 
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Figure 2.8 (a) Decomposition of the C K-edge spectrum into π* and σ* features. The areas used for 
peak and edge integration are indicated. (b) C K-edge before and after deconvolution. The edge 
shape changes considerably after deconvolution. 
spectrometer image mode, over an area of about 300 nm2, with a spectrometer channel 
resolution of 0.3 eV and with a narrow objective aperture to improve the signal to 
background ratio. The C K-edge was collected for 10 s. Subsequently, the zero loss peak 
and low loss portion of the spectrum were collected for 0.02 s. The beam convergence 
angle was not varied between the two acquisitions. The overall integration time was kept 
low in order to avoid sample contamination effects from residual hydrocarbons present in 
the microscope chamber. In order to determine the sp3 fraction, the carbon K-edge portion 
of the spectrum is decomposed to compare the intensities of the σ* and π* features. The 
decomposition procedure is shown in Fig. 2.8a.  
The π* feature is fitted to a Gaussian function. The procedure provides suitable 
fits with very low residuals (dotted line in Fig. 2.8a). The σ* feature is integrated within an 
energy window, that starts after the previously fitted Gaussian peak and terminates at a 
selectable value of the energy loss (320 eV in Fig. 2.8a). The fine-structure features of the 
EELS spectrum for the analyzed samples must be compared to the ones of a standard 
specimen that exhibits 100 % sp2 hybridization. Spectra should be acquired for the standard 
specimen and the film of interest. By comparison of the values of the π*/σ* parameter, the 














σπ  (2.5) 
It is crucial to perform a proper correction of the spectra for multiple scattering and 
spectrometer point-spread function before using Eq. 2.5, as this effect can alter the 
intensities of the π* and σ* features and hinder the comparison between spectra collected at 
different foil thickness. The spectra analysis consists in the subtraction of the spectrum 
background, after which a deconvolution procedure is carried out. This procedure consists 
of two steps: a Fourier-ratio deconvolution procedure is performed first, which removes 
multiple scattering effects, estimated from the low loss portion of the spectrum. 
Consequently, the spectra are sharpened to correct for the point-spread function of the 
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Figure 2.9 Portions of the EELS spectrum for the glassy carbon standard recorded on different areas 
of the TEM specimen. (a) The plasmon peak positions are constant for all the values of thickness 
investigated; (b) the K-edge spectra change their shape as a function of sample thickness; (c) after 
deconvolution the spectra assume the same shape. 
spectrometer, estimated from the shape of the zero loss peak. The appearance of a sample 
spectrum before and after deconvolution is shown in Fig. 2.8b. After deconvolution, the 
intensity of the spectrum on the edge tail is reduced whereas the edge peaks are enhanced. 
The extent of the intensity variation is a function of the thickness of the area investigated in 
terms of t/λ. 
EELS spectra were recorded from different areas of the glassy C sample, which 
had different thickness, measured as t/λ. The shape variation of the low loss and C K-edge 
portion of the spectrum as a function of the thickness is shown for the glassy carbon 
standard in Fig. 2.9a and b, respectively. The carbon K-edge spectra after background 
subtraction differ in shape and intensity of the edge tail, which increases as the foils 
become thicker, see Fig. 2.9a. After deconvolution, the spectra shapes become more 
uniform, see Fig. 2.9c. The variation of the π*/σ* parameter after deconvolution, as a 
function of the σ* integration window width, is shown in Fig. 2.10b. The error in the π*/σ* 
ratio for different window sizes is estimated from the standard deviation and indicated in 
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Fig. 2.10a as percentage of the average value for each σ* window width. Values are 
reported as calculated after background subtraction, Fourier-ratio deconvolution and point-
spread correction, these steps being applied consecutively. The deconvolution procedure 
reduces the error to 2-4 %, with the narrower integration window width yielding the 
smallest error.  
The procedure described is able to reduce the error in the determination of the 
π∗/σ∗ parameter down to around 2 %, and it is concluded that the use of narrow integration 
windows for the σ* edge is preferable since it yields lower errors. Due to the fine structure 
of the nanocomposite coatings, the methodology could not be applied to study the sp3 
content of the DLC matrix of the nanocomposite. Instead, it was applied to study the 
variation of sp3 C content of pure H-free DLC thin films as a function of the deposition 
parameters, as will be shown in chapter 3. The study was therefore devoted to the 
characterization of the matrix of the nanocomposite material. 
2.3.2 DEPOSITION OF DLC COATINGS 
Several techniques are available to deposit DLC coatings. These will be shortly described 
with a distinction between the deposition of hydrogenated DLC coatings and H-free DLC 
coatings.  
HYDROGENATED DLC COATINGS 
The use of a carbonaceous gas precursor in a plasma-enhanced chemical vapor deposition 
(PE-CVD) process is an attractive approach for DLC coating deposition, as it is an 
economical solution able to provide coatings at high deposition rates. When such 
precursors are employed the final coating hydrogen content will be considerable (20-50 
at. %). The chemistry of the Ar/C2H2 plasma discharge has been studied by several authors 
for plasma-enhanced chemical vapor deposition (PE-CVD)16, expanding thermal plasma,17 
triode ion plating18 and magnetron-enhanced reactive sputtering19 deposition techniques. 
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 Fourier Ratio deconvoluted


































Figure 2.10 (a) standard deviation of the π*/σ* values among the different thickness investigated, 
given as percentage of the average value for each σ* integration window. (b) values of the π*/σ* 
parameter as a function of the width of the integration window , after deconvolution, for the spectra 
shown in Fig. 2.9. The values are roughly constant for each σ* integration window width.  
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The identification of the most abundant ionic or radical species in the plasma differs among 
these studies; it clearly depends on the particular design of deposition rigs, deposition 
technology and processing parameters such as total and partial reactive gas pressure, bias 
levels and on the kind of power fed to the discharge (RF or DC). Nevertheless, it is 
generally observed that the C film growth mechanism is strongly related to the ion 
bombardment of the growing interface, and this is compatible with a growth mechanism 
based on the chemisorption of ethinyl radicals C2H over ion-bombardment induced defects 
on growing film surface.10,20 A correlation between ion bombardment and growth rate is 
established in the case of CH4 plasma discharges, where knock-on collisions of physi-
sorbed CH3 radicals triggers their transition to a chemisorbed state and their consequent 
incorporation in the growing film.21  The ion bombardment of the growing film is governed 
by the deposition operating pressure and by the negative substrate bias applied to the 
substrates. In conventional RF PE-CVD reactors the substrate potential is not controlled 
directly, so that the bombardment of the growing film cannot be optimized efficiently. 
While DLC films of hardness up to 30 GPa can be deposited, their adhesion is usually poor. 
The combination of magnetron sputtering and PE-CVD techniques in an Ar/C2H2 
atmosphere can improve considerably the quality of the final DLC coatings. The presence 
of magnetic fields in the chamber improves the ionization efficiency of the electrons in the 
plasma. Furthermore, the substrate potential can be controlled independently of the plasma 
discharge parameters. In this way the substrate ion bombardment can be easily optimized to 
enhance the wear resistance of the coatings. At the same time, the process is still mainly 
based on gas precursors, while elements from the targets are introduced in the coating to 
dope the DLC matrix or form transition metal carbides.  
H-FREE DLC COATINGS 
Both arc and magnetron sputtering techniques can be applied to the deposition of H-free a-
C coatings. Arc discharges from graphite cathodes suffer from the problem of 
macroparticle generation, as will be shown in Fig. 2.11b. This problem, inherent to all arc 
deposition processes, is particularly serious for C deposition because C macroparticles 
ejected from the cathode do not melt, such as for instance macroparticles of Cu or Al, and 
therefore they can ricochet within the vacuum chamber to become incorporated in the 
growing film. Various techniques exist to efficiently filter the macroparticles out of the C 
flux through the use of combined electric and magnetic fields. Nevertheless, a filtered arc 
deposition process is characterized by a film growth rate that is typically ten times lower 
that the unfiltered process, and the incorporation of filters in the deposition rig complicates 
the upscaling of the process for industrial applications. Magnetron sputtering, on the other 
hand, has the serious disadvantage that C has the lowest sputtering yield of all the elements, 
therefore the process is considerably slower as compared to sputtering of other elements. 
The advantage of sputtered DLC films as compared to arc deposited DLC films is that their 
surface can be very smooth, and process upscaling is possible in large coating reactors. 
EXAMPLES OF DLC COATINGS 
Some examples of DLC coatings are presented in Fig. 2.11. In Fig.2.11a a HR-SEM image 
of a pure DLC coating is shown. The coating was deposited through RF magnetron 
sputtering at the Mechanical Engineering department of the University of Coimbra (PT); it 
can be seen that the coating presents a very weak columnar structure. In Fig.2.11b an HR-
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SEM image of a pure DLC coating deposited through Cathodic Vacuum Arc (CVA) is 
shown. The coating was deposited at the LNL research center (Legnaro (IT)). It consists of 
a very dense tetragonally amorphous carbon (ta-C) matrix within which graphite 
macroparticles are embedded (indicated by arrows). The macroparticles are deleterious to 
the coating properties and can be avoided through filtering of the arc discharge, at the 
expense of deposition rate. In Fig. 2.11c, a commercially available Cr-doped DLC coating 
is reported (Graphit-iC, Teer Coatings LTD, UK). It consists of Cr-doped H-free DLC 
deposited through CFUMB ion plating. In Fig. 2.11d a Si-N-doped hydrogenated DLC 
coating deposited through RF PE-CVD in a N2/TMS/C2H2/Ar gas mixture is depicted 




   
Figure 2.11 (a) pure RF-sputtered DLC coating(University of Coimbra, PT); (b) pure DLC coating 
deposited through Cathodic Vacuum Arc (CVA) (LNL, IT), arrows indicate macroparticles in the 
coating (droplets); (c) Graphit-iC coating (Teer Coatings LTD, UK) deposited through magnetron 
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Figure 2.12 Experimental setup employed for the grazing-angle XRD experiments. A nanocomposite 
TiC/DLC coating and the angles at which the TiC particles can be detected are sketched (not in 
scale). 
2.4 CHARACTERIZATION OF NANOCOMPOSITE THIN FILM COATINGS 
2.4.1 X-RAY DIFFRACTION  
The principle of the technique is based on the detection of a diffracted beam when the 
Bragg diffraction condition λϑ ⋅=⋅⋅ ndhkl sin2  is fulfilled, where d is the crystal lattice 
spacing, ϑ  is the diffraction angle, n is the order of the diffraction peak and λ is the 
wavelength of the employed x-rays. A single circle diffractometer (Philips PW-1830) has 
been employed, with a CuKα radiation (λ=1.540 Å) generator operated at 40kV and 30mA. 
The Bragg-Brentano geometry that is commonly used with single circle diffractometers is 
not effective in the analysis of thin films, as the normal penetration depth of X-rays in 
materials is of the order of hundred microns. Therefore, a grazing angle approach was 
employed to investigate the structure of the nanocomposite TiC/DLC coatings, as sketched 
in Fig. 2.12. 
The capability of the grazing angle XRD technique to probe the structure of PVD 
coatings of limited thickness (< 3 μm) was investigated by performing standard θ/2θ scans 
with the Bragg-Brentano geometry and subsequently grazing angle scans at various angles 
of incidence. A W-DLC coating with a complex adhesion layer that consists of Cr and W 
on top of an M2 HSS substrate was analyzed. An SEM micrograph of a fractured cross 
section of the coating is reported in Fig. 2.13a. Characteristic peaks of Cr and W phases can 
be observed in the θ/2θ scans and grazing angle scans in Fig. 2.13b. Clearly, these peaks 
originate from the interlayer of the coating. As the grazing angle is reduced, and material 
closer to the surface is probed by the X-rays, a variation of peak position and shape can be 
observed, which finally yields very broad peaks at a grazing angle of 1°, whose angular 
position correspond to the β-WC1-x phase. It can be concluded that an incidence angle of 1° 
is sufficient to limit the penetration depth of the X-rays to the top W-DLC coating area, and 
that the coating has a nanocomposite structure.  
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θ / 2θ scan
  
Figure 2.13 (a) SEM micrograph of a W-DLC coating; the typical stacking of the different layers is 
indicated. (b) XRD θ /2θ and grazing angle scans at different angles of incidence (indicated). 
The broad peak observed in the 1° grazing angle XRD scan in Fig. 2.13 is a typical result 
for nanocomposite and nanostrucutred materials, where the limited size of the diffracting 
crystals causes broadening of the peaks. Indeed, from the full width at half maximum 
(FWHM) of the peak and its diffraction angle, the average size of the diffracting crystals D 






λD  (2.6) 
where a Gaussian peak shape is assumed the FWHM should be introduced in radians to 
maintain the unit of λ for D. 
2.4.2 RESIDUAL STRESSES 
Coatings deposited using PVD techniques are characterized by a macrostress state σ that, if 
excessive, can lead to thin film cracking for tensile stresses (σ>0) or film buckling and 
subsequent delamination for compressive stresses (σ<0). DLC coatings are prone to 
“flaking-off” after deposition, due to. the buildup of excessive compressive stresses . An 
example of such failure is shown in Fig. 2.14, for a Cr-DLC coating deposited on a Si 
substrate.  
The macrostress level can be divided into intrinsic stress σi and thermal stress 
σtherm. The intrinsic stress is connected with the generation of defects during growth, and in 
the case of DLC coating material it is related to the concentration of sp3-C sites within the 
amorphous network. This is due to the mechanism of ion-peening, i.e. the densification of 
the coating material due to the energetic ion bombardment that accompanies coating 
growth when an external negative substrate bias is applied. The thermal stresses occur, 
because of the different thermal expansion coefficients of substrate and coating, during the 
cooling stage from the deposition temperature (generally below 200 °C) to room 
temperature. Since DLC has a smaller thermal expansion coefficient than steel substrates, 
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Figure 2.14 (a) SEM observation of the characteristic decohesion of a Cr-DLC coating by buckling 
and interface failure (flake-off) due to an excessive compressive macrostress state. (b) zoom-in of (a) 
Indeed, the flake-off of the coating from the substrate may be observed to occur gradually 
as the coated substrates are cooling down to room temperature. The thermal stress state of a 































where Eei=Ei/(1-νi), f denotes the film, s the substrate, ν is the Poisson’s ratio, α the thermal 
expansion coefficient, h the thickness of the film and H the thickness of the metallic 
substrate. Equation 2.7 is valid if the coating is very thin compared with the substrate so 
that a biaxial stress state can be assumed. An important assumption is that the coating 
system is homogeneous and behaves linear elastic. Considering the coefficients of thermal 
expansion in the employed temperature range, the dependency of the thermal stress of DLC 
coatings on the deposition temperature is shown in Fig. 2.15 for coatings deposited on AISI 
304 stainless steel and M2 tool steel substrates, respectively, employing the properties 
indicated in Table 2.2 for the DLC coating and the various substrates, respectively. 
  
Table 2.2: Elastic modulus, Poisson ratio, average linear expansion coefficient and film/substrate 
thickness values used in the calculation of the residual thermal stresses. DLC properties from Ref. 23. 
Property/Material DLC Si wafer M2 Tool Steel AISI 304 SS 
E [GPa] 150 170 210 210 
ν 0.30 0.28 0.30 0.30 
αlinear [×10-6] 4.15 2.7 10.10 17.2 
Thickness 2 μm 150 μm 5 mm 5 mm 
a b 
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Figure 2.15 Variation of thermal residual stress as a function of the deposition temperature for DLC 
coatings deposited on Si wafer, AISI 304 SS and M2 TS substrates, as indicated. 
It can be seen that the thermal stresses in the films are compressive for the metallic 
substrates and tensile and lower in absolute value for the Si wafers. The in-plane stresses in 
the coatings were estimated by measuring the curvature of a Si wafer before and after 












  (2.8) 
where subscript f denotes the film and s the substrate, k is the wafer curvature (1/radius), E 
is the elastic modulus, H and h are the thickness of the substrate and coating, respectively, 
and ν is the poisson ratio. The residual stress state of the coatings was always compressive 
and around 1 GPa, as will be shown in Chapter 5. Therefore, the intrinsic stresses dominate 
the final stress state of the nanocomposite coatings. 
2.4.3 TRIBOLOGICAL TESTING 
Classical theories of wear consider that the hardness of a surface in contact is related 
linearly to its wear resistance. Indeed, the Archard wear equation has the following form:25 




KWQ =  (2.9) 
where Q is the volume worn per sliding distance, W is the applied load, H is the hardness of 
the softer surface and K is a dimensionless proportionality coefficient always less than 
unity. It is know as the coefficient of wear, and it is introduced in the model as the 
probability of each asperity interaction resulting in the production of a wear particle. For 
engineering applications the quantity K/H is used instead and it is called dimensional wear 
coefficient, k. k represents the volume of material removed by wear per unit distance slid 
per unit normal load on the contact, and its units are mm3(Nm)-1.  
Modern theories of wear26,27 consider that, while the hardness of a coating is an important 
property that determines its wear resistance, other properties can be equally important. 
Parameters such as H/E (the “elasticity index”, related to the elastic strain to failure) and 
H3/E*2 (related to the resistance to plastic deformation) are more relevant in sliding wear 
than just hardness. E* is the effective Young’s modulus measured by nanoindentation 
technique and is defined as E*=E/(1-ν2), where ν is the Poisson’s ratio. A lower Young’s 
modulus of a coating material is beneficial to distribute the applied load over a larger area, 
so as to reduce the peak contact stress and to delay possible failure of the coating/substrate 
system. This is especially relevant in sliding and rolling contact situations where alternating 
contact stresses occur and may lead to surface fatigue failure mechanisms.  The resistance 
of a (coated) surface to plastic deformation, i.e. its yield strength, is proportional to H3/E2 










HrPy  (2.10) 
where r is the rigid ball radius. Therefore, an increase of H3/E*2 is expected to lead to an 
enhanced elastic recovery of the coating in such contact geometry. Clearly this is also 
related to the toughness of the coating since failure will only occur during (or at the onset 
of) plastic deformation. A thorough investigation of the Ti-B-N and Ti-B-C material 
systems was performed by Mayrhofer et al.,28 confirming that the highest H3/E*2 values are 
obtained at the smallest grain size of about 2 nm and therefore highest fraction of phase 
boundaries. From this point of view, nanocomposite coatings may offer promising 
opportunities for optimized wear-resistant coatings design.  
From the point of view of fracture mechanics, when a crack of length a is present in a 
material under an applied stress, an equilibrium needs to be achieved between the surface 
energy of the crack γa, the ductile energy that accumulates at the crack tips γp and the elastic 
energy that may be released upon crack growth. The elastic energy release per volume is 
given by the area under the σ=Eε linear function, and therefore equals σ2/2E. The critical 
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By assuming that σc is proportional to the yield stress (and therefore the hardness) of the 
material, its resistance to fracture will be enhanced by an increase of its hardness and a 
decrease of its elastic modulus.  
The coatings were tested for their sliding wear resistance. Tribo-tests were performed using 
a CSM tribometer with a ball-on-disk configuration. The tribometer is suitable for tests 
performed at room temperature and also at elevated temperatures (up to 800 °C). The wear 
depth/height of the coating sample (disk) and the counterpart (ø6mm ball) can be 
monitored in-situ with a resolution of 0.02µm by a RVDT (rotary variable differential 
transducer) sensor during the tribo-tests. Various levels of relative humidity (HR) can be 
achieved during the test by purging water vapor or dry air in the testing chamber. A wear 
track diameter of approximately 20 mm was used for all the tests. A ball is pressed against 
the coated counterpart with a load of 5 N. The contact stress that develops is a function of 
the applied load, the radius of the ball employed and the elastic modulus of the 
counterparts. The mean contact stress developing when a ø6mm Al2O3 or 100Cr6 ball is 
pressed against the surface of the coating can be expressed as: 



























σ  (2.12) 
where L is the load applied to the ball, r is its radius, E is the elastic modulus and ν is the 
Poisson’s ratio of the ball (b) and the substrate (s), respectively. The variation of mean 
contact stress with applied load for a ball radius of 6 mm and two different ball materials is 
shown in Fig. 2.16. A low load of 5 N was chosen for our tribological experiments to avoid 
plastic deformation of the substrate underneath the coating and focus on the self-lubrication 
mechanism provided by the coating itself. 
During the tests, the (coated) substrates are rotated at a variable speed (up to 100 mm/s) 
underneath the loaded ball, which remains stationary. A confocal microscope is used to 
capture 3D images of each wear track for measuring the wear volume. Eight images of 3D 
profiles were captured at different positions on a wear track for statistics. A software code 
was programmed in MatLab to process the 3D images and to calculate the wear rate (Wr) of 
the coatings.  
In the ball-on-disk configuration an area of the ball is continuously in contact with the 
coating, whereas the corresponding areas on the coated sample are in contact only once 
during a lap. The wear rate (Wr) of the coatings is defined as the volume of wear per unit 
track length, per Newton of normal load and per lap. Although the calculated value of the 
wear rate according to this definition is exactly the same as calculated from the total sliding 
distance of the ball (equal to the product of laps and perimeter of the wear track), its 
physical meaning is different from the commonly used dimension “mm³/Nm” of wear rate. 
The latter is valid only for the configuration of a coated ball sample sliding against a disk. 
The wear rate of the ball counterparts can be calculated by the observation of the worn cap 
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diameter. Indeed, in the approximation of zero volume loss of the planar counterpart, the 
volume loss of the sphere can be calculated using:29 












hdhW π  (2.13) 







drrh  (2.14) 
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Figure 2.16 Evolution of mean contact pressure with the applied load for a ø6mm Al2O3 or 100Cr6 
ball pressed against an M2 tool steel substrate. 
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